Background: Ulf Fernström implanted stainless steel ball bearings following discectomy, or for painful disc disease, and termed this procedure disc arthroplasty. Today, spherical interbody spacers are clinically available, but there is a paucity of associated biomechanical testing. The primary objective of the current study was to evaluate the biomechanics of a spherical interbody implant. It was hypothesized that implantation of a spherical interbody implant, with combined subsidence into the vertebral bodies, would result in similar ranges of motion (RoM) and facet contact forces (FCFs) when compared with an intact condition. A secondary objective of this study was to determine the effect of using a polyetheretherketone (PEEK) versus a cobalt chrome (CoCr) implant on vertebral body strains. We hypothesized that the material selection would have a negligible effect on vertebral body strains since both materials have elastic moduli substantially greater than the annulus. Methods: A finite element model of L3-L4 was created and validated by use of ROM, disc pressure, and bony strain from previously published data. Virtual implantation of a spherical interbody device was performed with 0, 2, and 4 mm of subsidence. The model was exercised in compression, flexion, extension, axial rotation, and lateral bending. The ROM, vertebral body effective (von Mises) strain, and FCFs were reported. Results: Implantation of a PEEK implant resulted in slightly lower strain maxima when compared with a CoCr implant. For both materials, the peak strain experienced by the underlying bone was reduced with increasing subsidence. All levels of subsidence resulted in ROM and FCFs similar to the intact model.
Despite the resurgent interest in lumbar disc arthroplasty, these procedures were initially performed in the 1960s. Ulf Fernström implanted stainless steel ball bearings after discectomy, or for painful disc disease, and termed this procedure "disc arthroplasty." 1 At that time, persistent low-back pain was prevalent after discectomy of a herniated or painful disc. Whereas combining discectomy with fusion improved clinical results, there was an increased risk of infection, pseudarthrosis, thrombosis, embolus, and death. 2 More recently, fusion has been associated with adjacent-level disc degeneration, which may be the result of an altered biomechanical environment. [3] [4] [5] Therefore Fernström introduced a type of arthroplasty involving implantation of a spherical endoprosthesis (stainless steel ball bearing) into the center of an evacuated disc. The intention of such a procedure was to provide a motion-preserving alternative to fusion, which would potentially prevent or forestall degenerative changes at the adjacent levels. The Fernström prosthesis has been criticized for having a high subsidence risk. 6, 7 Subsidence has also recently been documented as a complication after modern total disc replacements (TDRs) for both mobile and fixed-core implants. 8 -10 However, very few biomechanical studies have been performed to determine the cause and factors associated with TDR subsidence. Two-year follow-up performed by Fernström 1 showed indentation of the implant into the endplates ranging from 1 to 3 mm. Two-year clinical follow-up of a modern, fixed-core TDR implanted in athletes showed 2 to 3 mm of subsidence of the implants in 30% of the patients occurring during the first 3 months. 11 For this modern TDR design, up to 5 mm of subsidence was considered "minor" and was not judged to have an adverse effect on the clinical outcome. A different study involving a modern, elastomeric nucleus replacement documented endplate changes after implantation, which the authors attributed to loading of the endplate by the implant. 12 Despite these endplate changes, the authors documented favorable clinical results in 88% of their patients after 1 to 2 years. Thus several contemporary studies indicate that the levels of subsidence documented by Fernström are also observed with modern spinal arthroplasty technologies. Furthermore, initial subsidence of disc arthroplasty devices may be unavoidable and does not appear to necessarily predict poor clinical results, provided that the subsidence equilibrates after an initial period without further, long-term unstable loss of disc height or neural foramina. Fernström indicated that indentation of the implant into the endplate prevented ventral and dorsal slipping while still allowing bending movements, suggesting that initial subsidence of the device may improve its functionality.
Complications reported by Fernström 1 included expulsion of the device in 1 case (0.7%) and temporary paresis of the peroneus in another case (0.7%) after 2 years. Interestingly, there were no observations made regarding the facets at the index level. However, a later clinical study that evaluated spherical interbody implants after 10 to 20 years of implantation reported the need for subsequent fusion as a result of facet arthrosis in 10% of patients treated for degenerated disc disease and in none of those treated for a protruding disc. 13 In modern fixed or mobile-bearing TDRs, facet arthrosis at the implanted level may occur in approximately one-third of the patients after 3 years regardless of TDR type.
14 Several contemporary studies have also documented that facet joint triggered low-back pain as a complication associated with modern TDRs. 11, 15, 16 It is unclear what contributes to the prevalence of facet arthrosis after TDR, and this is further complicated by the difficulty in diagnosing the disease in its early stages. However, several studies have hypothesized or showed altered facet loading after implantation of modern TDRs, [17] [18] [19] [20] [21] [22] which may be attributed to changes in the center of rotation or removal of associated soft-tissue structures, such as the anterior longitudinal ligament (ALL) and most of the annulus. Because the Fernström prosthesis can be implanted without resection of the ALL, and the center of rotation will inherently be near the center of the disc, loading in the facets may be similar to the preimplanted condition. However, no biomechanical studies have quantified facet loading after implantation of a spherical interbody device.
Long-term follow-up of patients implanted with a Fernström sphere was performed at 10 to 20 years by McKenzie. 13 He reported good or excellent clinical outcomes in 83% of patients treated for disc protrusions and 75% of those treated for disc pain. These results are similar to a recent clinical study involving a contemporary, mobilebearing disc arthroplasty, which indicated good or excellent results in 82% of patients approximately 13 years after implantation. 10 Despite certain similarities in clinical outcomes between the Fernström sphere and modern technologies, the device has not been widely used clinically. Today, spherical interbody spacers fabricated from polyetheretherketone (PEEK) or cobalt-chrome alloy (CoCr) are clinically available; however, a paucity of clinical and biomechanical data remain for these devices.
The primary objective of this study was to evaluate the biomechanics of a spherical interbody implant by use of a previously validated finite element model (FEM) of a single lumbar motion segment. It was hypothesized that implantation of a spherical interbody implant, with combined subsidence into the vertebral bodies, would result in similar ranges of motion (ROMs) and facet contact forces (FCFs) when compared with an intact condition. A secondary objective of this study was to determine the effect of using a PEEK implant versus a CoCr implant on vertebral body strains. We hypothesized that the material selection would have a negligible effect on vertebral body strains because both materials have elastic moduli substantially greater than the annulus.
Methods
A 3-dimensional FEM of a ligamentous L3-4 motion segment was generated from quantitative computed tomography (QCT) data of a cadaveric spine. The donor was a 78-year-old man who died of cardiac arrhythmia. The data set was taken from an institutional review board-approved cadaveric study. The spine was chosen because of its lack of any bony or disc deformities (ie, osteophytes, herniations, or degenerative disc disease). Hounsfield units were used as a surrogate for bone mineral density (BMD). Elastic moduli within the vertebral body fell within what has been previously reported in the literature. [23] [24] [25] The development of the model has been previously described but will be outlined later. 22 A combination of automatic and manual image segmentation techniques (Analyze; AnalyzeDirect, Inc, Lenexa, Kansas) were used to extract detailed surfaces corresponding to the major bony structures of L3-4. The software package allowed for automatic segmentation based on thresholding of the QCT grayscale values. These surfaces were imported into the commercial finite element meshgeneration program HyperMesh (Altair Inc, Troy, Michigan) and were discretized into a combination of tetrahedral elements for the bony structures and hexahedral elements for the intervertebral disc. The central portion of the IVD, approximately 40% of the volume, 26 was designated to be the nucleus pulposus, whereas the remaining volume was considered the annulus fibrosus. Major spinal ligaments (ALL posterior longitudinal ligament, infraspinatus, supraspinatus, intratransverse ligament, facet capsule, and ligamentum flavum) were implemented in the model by use of tension-only nonlinear springs. Shell elements were used to plate the exterior surface of the vertebral bodies and represented the cortex and bony endplate ( Fig. 1 ). A refinement study was performed to determine the appropriate level of discretization.
BMD-dependent orthotropic material properties were assigned to the cancellous bone of the vertebral bodies. Custom software was written to apply the measured Hounsfield numbers from the QCT data to the nodal points within the finite element mesh. Similar methodology has been used to create models with heterogeneous bone properties of the tibia and femur. 27, 28 The quantitative relationship between BMD and elastic modulus in cancellous vertebral bone, as reported by Ulrich et al 29 and Morgan et al, 30 was used to define a nonlinear relationship between BMD and orthotropic elastic modulus. Elastic moduli within the vertebral body fell within what has been previously reported in the literature. [23] [24] [25] The remaining structures were assigned material properties from the literature and are depicted in Table  1 . Frictionless contact was defined between the facets by use of a penalty-based contact algorithm.
Two separate analyses were performed to validate the results of the model. The first analysis involved applying a 1,000-N compressive force to the intact model to simulate previously published experiments using cadaveric specimens. 39 The total vertical displacement of L3, intervertebral disc pressure, and cortical and endplate first principal strains were compared between the FEM and the previously published experimental data. 39 A second validation study was performed by applying moments of 7.5 N-m along the 3 principal anatomic axes and comparing total ROM in flexion-extension, lateral bending, and axial rotation with previously published data. 40 -45 A virtual implantation of a 16-mm-diameter sphere was performed on the intact model, which resulted in a total distraction of 4 mm. The 16-mm-diameter sphere was chosen to simulate subsidence of the implant of 2 mm into each endplate without reducing the total disc height beyond the intact state (12 mm). To simulate subsidence, 2 additional models were created with total subsidence of the implant into the vertebral bodies of 2 and 4 mm distributed equally between the superior and inferior endplates (Fig. 2) . The initial forces and stresses in the annulus and ligaments were set to 0 at the fully distracted state for all models. This was done to isolate the effect of facet joint distraction and endplate-implant loading for different levels of subsidence. Subsidence of the implant was applied symmetrically between the inferior and superior endplate. The nucleus and cartilaginous endplate were removed within the nuclear cavity. For the cases of 2 and 4 mm of subsidence, vertebral bone was removed to accommodate for the implant geometry. A layer of shell elements representing the bony end- plate was maintained between the implant and vertebral body at all levels of subsidence. The heterogeneous modulus of the underlying cancellous bone was not altered for the different levels of subsidence. Frictionless contact was defined at the implant-endplate interfaces as well as between the implant and the interior surface of the annulus fibrosus.
To determine the sensitivity to friction, both flexion and extension were applied to the model with 4 mm of subsidence with a coefficient of friction of 0.5. These results indicated a less than 10% difference in the total flexionextension ROM when compared with the frictionless model.
3).
A compressive follower load of 500 N was applied to the intact model and implanted with 0 mm of subsidence, 2 mm of subsidence, and 4 mm of subsidence with both a PEEK and CoCr implant. A combination of a compressive follower load (500 N) and flexion (7.5 N-m), extension (7.5 N-m), lateral bending (7.5 N-m), and axial rotation (7.5 N-m) was applied to all models with the implant modeled as PEEK. Rotational loading was applied via a moment at the center of mass of the superior endplate of L3, which was modeled as a rigid body. There were no constraints applied to any of the rotational or translational degrees of freedom of the L3 superior endplate. The inferior endplate of L4 was constrained in all degrees of freedom to provide an appropriate boundary condition. All models were solved by use of the commercial FEM software program LS-Dyna (LSTC, Livermore, California).
Vertebral body cancellous bone effective (von Mises) strains were determined. Strain was chosen over stress because of the heterogeneous nature of the vertebral bone. Strain has been documented to have less dependence on the apparent density when compared with stress. 23 von Mises strain was chosen to depict the distortional strain being experienced in the vertebral bodies after implantation of a spherical implant. von Mises yield criterion is often used to predict the yield point for bone. 46 The von Mises strain is intended to qualitatively depict areas of the bone that may be most at risk of yielding after device implantation. ROM was defined as the total angular rotation of L3. The total FCF was defined as the sum of all nodal contact forces for both the left and right facet.
Results
In our validation analyses the model was generally able to predict cortical and endplate strains within the ranges reported in the literature. 39 Typically, the model's results matched the trends shown by the experimental median values (Fig. 3) . In addition, the model predicted a disc pressure of 0.75 MPa and a total vertical displacement of 1.1 mm after application of 1,000 N of compression, which fell within the range of the experimentally reported values.
Further validation indicated that the model predicted the total ROM in flexion-extension, lateral bending, and axial rotation (Fig. 4) .
When we analyzed the Fernström prosthesis, peak effective strain in the cancellous bone during compression occurred just beneath the surface adjacent to the endplateimplant interface, with values of 0.48%, 12.9%, and 14.7% for the intact model, model implanted with PEEK and 0 mm of subsidence, and model implanted with CoCr and 0 mm of subsidence, respectively. Peak effective strain reduced to 4.0% and 4.6% at 2 mm of subsidence for the PEEK and CoCr implants, respectively. At 4 mm of subsidence, the peak effective strain was 2.7% and 3.0% for the PEEK and CoCr implants, respectively. Compressive loading resulted in strain maxima at the implant-endplate interface for both CoCr and PEEK implants (Fig. 5) . Qualitatively, the PEEK implant resulted in a slight decrease in the size of the strain maxima. Both the PEEK and CoCr implants resulted in a decrease in strain maxima with increasing subsidence. During 0 mm of subsidence, the strain maxima occurred directly adjacent to the implant. At 2 mm of subsidence, the strain maxima in the superior vertebrae radiated out from the anterior and posterior portions of the endplate-implant interface, which resulted in an area of reduced strain maxima near the most superior portion of the implant. At 4 mm of subsidence, the strain maxima occurred at the anterior and posterior portions of the endplate-implant interface in both the superior and inferior vertebral bodies. Increased subsidence of the device from 0 to 4 mm resulted in a progressive decrease of the ROM (Fig. 6A) . Implantation with 0 mm of subsidence resulted in increased ROM for all modes of loading compared with the intact model. These increases ranged from 80% during axial rotation to 10% during flexion (Tables 2 and 3 ). Subsidence of 2 mm resulted in increased ROM for all modes of loading with the exception of flexion. The increased ROM during 2 mm of subsidence was greatest during extension (31%). Subsidence of the implant at 4 mm resulted in decreased ROM for all modes of loading when compared with the intact model, from Ϫ32% to Ϫ3%.
FCFs in the intact model were greatest during axial rotation (148 N), lesser in extension (77 N), and least during lateral bending (22.5 N) . Flexion resulted in distraction of the facets for both the implanted and intact models. FCFs tended to increase with increasing subsidence of the device from 0 to 4 mm (Fig. 6B) . Zero millimeters of subsidence resulted in a decreased FCF for all modes of loading between Ϫ16% and Ϫ48% when compared with the intact model (Table 3) . Two millimeters of subsidence resulted in a small increase in FCF during axial rotation (3%) but decreased FCF during extension (Ϫ35%) and lateral bending (Ϫ37%) when compared with the intact model. FCFs increased at 4 mm of subsidence for all modes of loading between 9% and 34% when compared with the intact model.
Contours of von Mises strain in the cancellous bone of the vertebral bodies indicated values below 1% for the intact model with the exception of a small area near the ALL attachment during extension (Fig. 7) . Implantation of a PEEK spherical implant resulted in increased strain maxima adjacent to the implant-endplate interface for all modes of loading and levels of subsidence. Qualitatively, areas of strain maxima tended to decrease with increasing levels of implant subsidence. Areas of strain maxima tended to be larger in the superior vertebrae when compared with the inferior vertebrae during 4 mm of subsidence. During compression, flexion, axial rotation, and lateral bending, the areas of strain maxima were localized to the area adjacent to the endplate-implant interface. However, during extension, the strain maxima in the superior vertebra was continuous, with the maxima observed near the ALL insertion site.
Discussion
This study evaluated the differences in von Mises strain in the vertebral cancellous bone for PEEK and CoCr implants. Radiolucent PEEK implants provide the ability to visualize the surrounding bone and soft tissues during diagnostic imaging, but the biomechanical effects are not fully understood. We hypothesized that the use of a PEEK Fernström prosthesis versus a CoCr prosthesis would have a negligible effect on bone strain. However, we noticed a small reduction in the peak strain values. Results from our study indicated increased peak von Mises strain in the vertebral body cancellous bone for the CoCr implant (14.7%) compared with the PEEK implant (12.9%) when no subsidence of the device was modeled. This is consistent with results from a previous finite element study that documented a reduction in endplate stresses between PEEK and titanium interbody spacers. 47 Those authors concluded that the reduced stresses may result in a lower likelihood of subsidence. However, they did not report stresses in the endplate for an intact scenario. Whereas our study predicted a slight reduction in strain for a PEEK implant, both the PEEK and CoCr implants resulted in a substantial increase in peak strain and area of strain maxima compared with the intact state. In addition, this study indicated that increasing levels of subsidence result in a reduction of the differences between PEEK and CoCr, further suggesting that there may be limited biomechanical advantage to using PEEK for this application. Furthermore, the reductions in peak strain that resulted from increased subsidence or conformity of the endplate to the device still resulted in peak strain much higher than that documented in the intact condition. The results from this study suggest a high subsidence likelihood for either a PEEK or CoCr spherical prosthesis.
Results from this analysis show that implantation of a spherical interbody implant maintains segmental ROM. Initial implantation of the device with no subsidence resulted in increased ROM for all modes of loading, ranging between 10% and 80% depending on the mode of loading. These results are consistent with previous studies that have evaluated ROM after TDR. Two previous FEM studies indicated increased ROM after implantation of a TDR. 20, 22 Similarly, an in vitro cadaveric study also documented increased ROM after TDR during flexion-extension. 48 Our study documented a progressive reduction in ROM with increased subsidence of the device into the vertebral bodies. Four millimeters of subsidence resulted in decreased ROM for all modes of loading when compared with the intact condition. Interestingly, the greatest increases in ROM at 0 mm of subsidence corresponded to the modes of loading that result in contact of the facets, such as axial rotation, extension, and lateral bending. This suggests that changes in relative facet positioning that occur during distraction had an effect on ROM. Increased subsidence progressively reduced ROM by bringing the facets closer to their preimplantation positioning. This is further corroborated by the fact that flexion, which resulted in no FCF, showed the least sensitivity to subsidence with respect to ROM. These results suggest the need for careful consideration of the amount of surgical distraction required for these types of procedures. A certain amount is required for disc height restoration and neural foraminal decompression, but too much distraction can prevent or limit facet contact. Future work should investigate the effect of ligament and annulus pre-tensioning as a result of distraction. The lack of pre-tensioning in these structures was a limitation of this study but was deemed necessary to control the applied loading. Similarly, smaller implants should be evaluated to determine the effects when subsidence results in a reduction of disc height compared with the intact state.
This study showed similar FCFs between the intact and implanted models. The FCFs progressively increased with increased subsidence of the device. This resulted in increased FCFs for all modes of loading at 4 mm of subsidence. A previous finite element study evaluated the FCF between a fixed and mobile core TDR at varying positions and documented FCFs equivalent to 175% of the intact state depending on positioning and TDR type. 49 This study attributed increases in FCF to a fixed center of rotation of a fixed-core TDR. However, this study applied known physiologic rotations to all of the models instead of loads, thereby negating the potential for increased mobility that arises after TDR, 48 even when one is using a hybrid loading approach. 50 A finite element study that applied loading consistent with bending over to a model implanted with a TDR documented a doubling of the mean facet contact pressure. 20 Similarly, a different finite element study documented the potential for doubling of the FCFs after implantation of a TDR when subjected to rotational loading. 22 Our study documented a maximum increase of FCF of 34%, which occurred during extension and with 4 mm of subsidence of the implant. However, at 2 mm of subsidence, FCFs were decreased by 35% compared with the intact model during extension. Further examination of the model showed that subsidence of the implant resulted in a reduction in posterior translation of L3 relative to L4 during extension. At 4 mm of subsidence, the total translation was less (2.1 mm) than what was experienced for the intact model (2.41 mm). These results suggest that subsidence of the implant prevents relative translation of the vertebrae, which results in increased loading of the facets. It is difficult to compare the changes in FCFs documented in our study with those reported in previous evaluations of modern TDRs because of the differences in surgical technique. Specifically, implantation of a sphere requires minimal resection of the annulus, which likely helps to maintain preimplantation kinematics and thereby mitigate changes in the facet contact.
This study documented the presence of large areas of strain maxima adjacent to the implant for all modes of loading. We have previously performed a similar analysis on a fixed-core TDR and evaluated the von Mises strains of the cancellous bone. 22 The results of that study indicated that strains typically remained under 1% after implantation, with the exception of a small area during flexion. This is likely the result of the larger contact surface area for a TDR compared with the Fernström sphere, especially at 0 mm of subsidence. This is further indicated by the decreasing area of strain maxima that was observed for increasing levels of subsidence. As the implant nested further into the cancellous bone, the area of contact increased, which resulted in a more distributed load. Even though increased subsidence resulted in reduced areas of strain maxima, the fully nested 1, 13 This suggests that the initial strains experienced by the bone after implantation may not be relevant when one is investigating long-term subsidence of spinal arthroplasty devices. Alternatively, the disparity between the clinical outcomes and high peak strain documented in this study may be explained by increased load bearing in the annulus fibrosus. Specifically, because the Fernström prosthesis maintains the majority of the annulus, continued subsidence may offset the axial loading from the device to the surrounding annulus. The current model did not take this phenomenon into consideration.
In addition, the current model did not account for densification of the underlying bone as a result of the subsidence. This could also act to strengthen the underlying bone and prevent subsequent subsidence, which helps to explain the discrepancy with the reported clinical data. Recent implantations of an interbody sphere by one of the authors (J.I.) has provided radiographic follow-up at 9 months (Fig.  8 ). This image indicates high signal intensity in the bone adjacent to the implant, suggesting bony remodeling, which may help to prevent long-term subsidence. However, implantation of TDRs in elderly patients has resulted in severe subsidence, 9 which suggests that good initial bone quality is imperative. Our study further emphasizes the need for a better understanding of the factors attributing to long-term subsidence of spinal implants.
In conclusion, this study evaluated the biomechanical effects of the implantation of a simple spherical interbody implant at 3 levels of subsidence. The results suggest that this simple implant design is able to maintain segmental ROM and provide minimal differences in FCFs. Large areas of von Mises strain were generated in the bone adjacent to the implant regardless of whether the implant was PEEK or CoCr. Despite the large areas of strain documented in this study, clinical results suggest that severe subsidence is not a common complication, and initial subsidence of the device helps secure the device and prevent intervertebral shear translations. However, the disc height loss associated with subsidence may preclude the efficacy of such a device. 
